Mice lacking the chemokine stromal cellderived factor͞pre-B cell growth stimulating factor or its primary physiological receptor CXCR4 revealed defects in B lymphopoiesis and bone marrow myelopoiesis during embryogenesis. We show here that adoptive transfer experiments reveal a deficiency in long-term lymphoid and myeloid repopulation in adult bone marrow by CXCR4؊͞؊ fetal liver cells, although stromal cell-derived factor͞pre-B cell growth stimulating factor؊͞؊ fetal liver cells yield normal multilineage reconstitution. These findings indicate that CXCR4 is required cell autonomously for lymphoid and myeloid repopulation in bone marrow. In addition, CXCR4؊͞؊ fetal liver cells generated much more severely reduced numbers of B cells relative to other lineages in bone marrow. Furthermore, the repopulation of c-kit 
Hematopoiesis is regulated by cytokines in hematopoietic microenvironment. Although several cytokines that act on hematopoietic precursors have been shown to be essential for hematopoiesis, relatively little is known regarding the cytokines that regulate the functions of primitive or early hematopoietic progenitors in a normal in vivo context. Stromal cell-derived factor͞pre-B cell growth stimulating factor (SDF-1͞PBSF) (1) is a member of chemokine, which is a large family of structurally related low molecular weight cytokines (2) . SDF-1͞PBSF was isolated as the molecule that carried signal sequences (3) or as the molecule that stimulated the proliferation of cloned B cell progenitors (4) . A G-protein-coupled receptor, CXCR4, also referred to as HIV-1 entry coreceptor (5) , is a primary physiological receptor for SDF-1 (6) (7) (8) (9) (10) (11) . Although most members of chemokine have been designated inducible inflammatory mediators, SDF-1͞PBSF and CXCR4 have been shown to be responsible for B lymphopoiesis and bone marrow myelopoiesis during embryogenesis (9) (10) (11) (12) , as well as embryonic viability (9) (10) (11) (12) , vascular formation (9) , cardiogenesis (9, 10, 12) , and neurogenesis (10, 11) . Because SDF-1͞PBSFϪ͞Ϫ or CXCR4Ϫ͞Ϫ mice have much more affected myelopoiesis in bone marrow compared with myelopoiesis in fetal liver, SDF-1͞PBSF and CXCR4 were thought to be involved in colonization of bone marrow by hematopoietic progenitors during embryogenesis. In addition, several studies have shown that SDF-1͞PBSF is a chemoattractant for hematopoietic progenitors (13) (14) (15) (16) (17) . On the other hand, it is possible that SDF-1 and CXCR4 are required for the formation of hematopoietic microenvironment but not the hematopoietic cells themselves by analogy with their multiple functions. Moreover, the involvement of those molecules in adult lymphoid and myeloid cell development has yet to be elucidated.
In this paper, to determine a cell-autonomous effect of the CXCR4 mutation in adult hematopoiesis, we generated chimeric mice by using fetal liver cells from SDF-1͞PBSFϪ͞Ϫ or CXCR4Ϫ͞Ϫ mice. Our results indicate that CXCR4 is required for lymphoid and myeloid repopulation of adult bone marrow in cell-autonomous manner and suggest that CXCR4 plays an essential role in generation and͞or expansion of early hematopoietic progenitors, including B cell progenitors within bone marrow.
MATERIALS AND METHODS
Mice. The generation of SDF-1͞PBSFϪ͞Ϫ and CXCR4Ϫ͞Ϫ mice has been described (9, 12) . Mutant mice were backcrossed several times with C57BL͞6-Ly5.2 mice. C57BL͞6-Ly5.1 mice were a gift from M. Osawa and H. Nakauchi (University of Tsukuba, Tsukuba, Japan).
Antibodies. Antibodies used in this study were as follows: FITC-conjugated anti-Ly5.2 (104); phycoerythrin-conjugated anti-Sca-1 (E13-161.7), anti-Mac-1 (M1͞70), anti-Gr-1 (RB6-8C5), anti-CD61 (2C9.G2), anti-erythroid lineage cells (TER119), anti-CD4 (H129.19), anti-c-kit (ACK45), anti-CD43 (S7), and anti-Ig M (IgM) (AF6-78); and Peridinin Chlorophyll protein-conjugated anti-B220 (RA3-6B2). All of these antibodies were purchased from PharMingen. The antic-kit antibody [ACK-2; donated by S.-I. Nishikawa (Kyoto University, Kyoto)] was labeled with Cyanine 5 (Cy5) (Biological Detection Systems). Biotinylated anti-B220 (PharMingen), anti-Mac-1 (PharMingen), anti-Gr-1 (PharMingen), anti-Thy-1.2 (5a-8, Caltag, South San Francisco, CA), and TER119 (PharMingen) antibodies were used for lineage marker and were visualized with RED670-conjugated streptavidin (GIBCO).
Adoptive Transfer. Recipient C57BL͞6-Ly5.1 mice were irradiated with 1,100 rad. Donor cells were prepared as single cell suspension (2 ϫ 10 7 ͞ml) in DMEM supplemented with 2% fetal calf serum from embryonic day 16.5 (E16.5) fetal liver. Recipient animals then were injected i.v. with 2 ϫ 10 6 donor cells. After transplantation, the animals were maintained in autoclaved cages on sterilized food and acidified sterile water.
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Secondary Transfer. Secondary recipient C57BL͞6-Ly5.1 mice were irradiated as described above. Primary recipients that had been injected with E16.5 fetal liver cells were selected at 5 weeks posttransplant. Donor cells were prepared from bone marrow of primary recipients and were transferred into secondary mice as described above. These recipients were analyzed after 11 weeks.
Flow Cytometry. Flow cytometry analysis was performed on single cell suspensions of fetal liver, bone marrow, spleen, and thymus. Cells were stained with FITC-, phycoerythrin-, PerCP-, RED670-, or Cy5-conjugated antibodies and were analyzed by using flow cytometry with FACScan, FACSVantage, and CELLQUEST software (Becton Dickinson).
RESULTS
Previous studies revealed that all phenotypes found in CXCR4Ϫ͞Ϫ mice were identical to those in SDF-1͞ PBSFϪ͞Ϫ mice, indicating that CXCR4 is a primary physiological receptor for SDF-1͞PBSF (9, 10) . In agreement with the results, flow cytometry analysis revealed that the numbers of Mac-1 ϩ granulocytic-monocytic cells, Gr-1 ϩ granulocytic cells, Ter119 ϩ erythroid cells, and CD61 ϩ megakaryocytic cells within E16.5 fetal liver were indistinguishable between SDF-1͞PBSFϪ͞Ϫ and CXCR4Ϫ͞Ϫ mice ( Fig. 1 ). Then we first tested whether E16.5 fetal liver cells in the SDF-1͞ PBSFϪ͞Ϫ mutants can give rise to hematopoietic reconstitution in the adult bone marrow. SDF-1͞PBSFϩ͞Ϫ mice were backcrossed several times with C57BL͞6-Ly5.2 mice. We transferred fetal liver cells from E16.5 SDF-1͞PBSFϪ͞Ϫ mice or wild-type littermates into lethally irradiated C57BL͞6-Ly5.1 mice. We can quantitate the contribution of the donor-derived cells in C57BL͞6-Ly5.1 chimeric mice because these cells expressed the Ly5.2 allele of leukocyte common antigen Ly5 whereas host hematopoietic cells did not. After 12 weeks, the numbers of donor-derived B220 ϩ B cells, Mac-1 ϩ granulocytic-monocytic cells, Gr-1 ϩ granulocytic cells, and CD61 ϩ megakaryocytic cells in bone marrow (Fig. 2 a and b) , donorderived B220 ϩ B cells in spleen (Fig. 2c) , and donor-derived CD4 ϩ T cells in thymus (Fig. 2d) were indistinguishable between control wild-type chimeras and SDF-1͞PBSF null chimeras as shown by flow cytometry. These results demonstrated that E16.5 fetal liver in the mice that lack the signal provided by SDF-1͞PBSF contained hematopoietic progenitors that were capable of reconstituting normal lymphoid and myeloid cell population in normal hematopoietic microenvironment.
Then, to determine the functions of CXCR4 on these hematopoietic cells, fetal liver cells from E16.5 CXCR4Ϫ͞Ϫ mice were transferred into lethally irradiated C57BL͞6-Ly5.1 mice. The bone marrow or thymus from CXCR4 null or wild-type͞C57BL͞6-Ly5.1 chimeras were analyzed by flow cytometry 12 weeks after reconstitution. In contrast to normal reconstitution in SDF-1͞PBSF null chimeras, CXCR4 null chimeras contained substantially reduced numbers of donorderived B220 (Fig. 3 a-d) . Thus, CXCR4 in hematopoietic cells is essential for long-term lymphoid and myeloid reconstitution. Of note, the numbers of donor-derived B cells in the bone marrow of CXCR4 null chimeras were much more severely reduced compared with the reduction of other lineage cell numbers, suggesting that mutation of CXCR4 in fetal liver cells affected generation and͞or expansion of B-cell progenitors (Fig. 3 a, b, and d) . B cells in bone marrow can be divided into several fractions based on differential expression of c-kit, CD43, and IgM on the surface. An ordering of these stages were suggested, from B220 (19) . The numbers of cells in all fractions were reduced in the bone marrow of CXCR4 null chimeric mice (Fig. 3e) .
To determine where the development of lymphoid and myeloid cells was affected in CXCR4 null chimeric mice, we examined the numbers of c-kit (Fig. 3f ) . These results raise the possibility that CXCR4 is involved in the transition of primitive hematopoietic progenitors to more committed hematopoietic progenitors and͞or survival and͞or expansion of those committed progenitors within bone marrow.
To investigate further the reconstituting ability of donorderived hematopoietic progenitors in bone marrow, bone marrow cells from the primary transplant recipient were transferred into secondary mice. These recipients were analyzed after 11 weeks. The abilities of the mutant stem cells to repopulate secondary recipients were severely affected compared with wild-type cells. However, three of five mice that received mutant cells exhibited myeloid, megakaryocytic, and T lineage cell reconstitution, although the contribution of mutant cells was reduced (Fig. 4a and b) . In these mice, donor-derived B cells were virtually absent. Thus, long-term repopulating stem cells were present in bone marrow of CXCR4 null chimeras, and generation of B cells from those cells may be impaired.
Finally, we analyzed B lymphoid cellularity of secondary lymphoid organs from CXCR4 null chimeras. Flow cytometry analysis of spleen revealed a 2-to 4-fold decrease in donorderived mature B cell numbers in CXCR4 null͞C57BL͞6-Ly5.1 chimeras as compared with control chimeras 12 weeks after transplantation (Fig. 5) . Despite the dramatic decrease in B cell progenitors in the bone marrow of CXCR4 null chimeras, a reduction of mature B lymphocytes in the periphery was relatively mild, suggesting that CXCR4 was not required for expansion and maintenance of the long-lived pool of peripheral mature B cells (21) .
DISCUSSION
Although previous studies have implicated a variety of cytokines act on hematopoietic progenitors, relatively little information has been available regarding cytokines that control the functions of primitive or early hematopoietic progenitor cells in a normal in vivo context. Bone marrow or fetal liver cells from flk-2Ϫ͞Ϫ (22) , c-kitϪ͞Ϫ (23), or c-mplϪ͞Ϫ (24) mice have been shown to fail to compete effectively with normal cells for long-term repopulation of the hematopoietic organs.
In this study, we demonstrated that the long-term myeloid and lymphoid repopulation by CXCR4 null fetal liver cells was affected. The defect was not merely a consequence of reduced numbers of hematopoietic stem cells in E16.5 CXCR4 Ϫ͞Ϫ fetal liver cells transferred because E16.5 fetal liver cells from its ligand SDF-1͞PBSF Ϫ͞Ϫ mice yielded normal reconstitution. Because CXCR4 null chimeric mice contained approximately comparable numbers of c-kit cells in CXCR4 null chimeras will be needed to address this issue. On the other hand, our data raised the possibility that CXCR4 plays a role in migration of long-term repopulating hematopoietic stem cells from peripheral blood into the bone marrow or their homing or expansion in a cell-autonomous manner. Recently, treatment of human CD34 ϩ -enriched hematopoietic cells with anti-CXCR4 antibodies has been shown to prevent their erythroid or myeloid reconstitution of nonobese diabetic͞severe combined immunodeficient mice (25) . However, the utilized assay system, that is useful in measuring the repopulating capacity of human stem cells, shares the several disadvantages for studying the biology of the hematopoietic system. There are species-specific differences between donors and recipients and multiple defects in recipient nonobese diabetic͞severe combined immunodeficient mice. Also, transplanted human cells compete with endogenous murine hematopoietic cells in recipient bone marrow.
Furthermore, our results suggested that mutation of CXCR4 in hematopoietic cells also affected specifically the generation and͞or expansion of B-cell progenitors in bone marrow. Thus, it is important to compare the functions of CXCR4 to those of IL-7 or IL-7 receptor, which is essential for B cell development (26) (27) (28) (29) . IL-7 or IL-7 receptor is also responsible for expansion of the long-lived pool of peripheral mature B cells as well as B cell progenitors (26) (27) (28) (29) . However, the mice reconstituted by CXCR4Ϫ͞Ϫ fetal liver cells have a mild reduction in splenic mature B cell numbers relative to a reduction in bone marrow B cell numbers, suggesting that functions of CXCR4 in B cell development are relatively organ specific. Of interest is the previous study demonstrating that mice expressing dominant negative form of Ras in B lymphocytes revealed similar defects (30) . It is interesting to determine whether Ras is implicated in signaling through CXCR4. Why do SDF-1͞PBSF and CXCR4 have specific functions for B cell development in bone marrow? B cells may be, in fact, different from other lineages during ontogeny in bone marrow.
On the other hand, CXCR4 functions as a coreceptor for strains of HIV-1 that are dominant during progression to immunodeficiency (5) . Because inhibitors of CXCR4 are intended to block viral entry (31) (32) (33) , our study, which determined the functions of CXCR4 in adult hematopoiesis, is also important for HIV-1 therapeutic research. Together, our examinations of cell-autonomous effects of CXCR4 mutation in regulation of lymphoid and myeloid cell development add to previous studies showing the defects of hematopoiesis in SDF-1͞PBSF or CXCR4Ϫ͞Ϫ embryos.
